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Abstract. AXL receptor tyrosine kinase ligand (AXL), a tyrosine kinase receptor that is commonly overexpressed in numerous types of cancer, significantly promotes drug resistance and metastasis in tumor cells. Inhibition of the AXL/growth arrest-specific 6 (Gas6) signaling pathway is emerging as a potential anticancer therapeutic strategy. In the present study, on the basis of the three-dimensional complex structure of AXL/Gas6, the critical residues (E 56 , E 59 and T 77 ) in AXL binding to Gas6 were determined using computer graphics analysis and the distance geometry method. A) were predicted as high-affinity mutants; AXL -ECD -Fc-M3 (E 56 R and T 77 R) and AXL -ECD -Fc-M4 (E 59 R and T 77 R) were predicted as low-affinity mutants. The results of the present study revealed that the half-maximal effect concentrations of AXL -ECD -Fc-M1 and AXL -ECD -Fc-M2 were ~0.141 and 0.375 µg/ml, respectively, whereas that of the wild-type protein (AXL -ECD -Fc-WT) was 0.514 µg/ml. Furthermore, adding the high-affinity mutants into culture medium to capture free Gas6 significantly inhibited AXL/Gas6 binding and thus blocked the downstream signaling pathway. In addition, the high-affinity mutants effectively suppressed the migration and metastasis of SKOV3 and A549 cells. Conversely, compared with AXL -ECD -Fc-WT, the low-affinity AXL mutants AXL -ECD -Fc-M3 and AXL -ECD -Fc-M4 lost all inhibitory activities. These findings highlight AXL as a potential
Introduction
Receptor tyrosine kinases (RTKs) are transmembrane proteins whose ligands induce receptor dimerization and activate RTK downstream signaling pathways. RTKs are known to be involved in cell proliferation, survival and differentiation pathways (1, 2) . As a member of the TYRO3 protein tyrosine kinase, AXL RTK ligand (AXL) and MER RTK (TAM) subfamily of RTKs, AXL has been reported to be a promising oncogenic target owing to its overexpression in several types of human cancer, including various types of leukemia and solid tumors, as well as being an indicator of poor prognosis (3) (4) (5) (6) (7) (8) (9) (10) . Furthermore, AXL serves a key role in drug resistance (11) (12) (13) (14) (15) (16) (17) . In addition, growth arrest-specific 6 (Gas6), the major ligand of AXL, has been identified as being expressed in a number of types of human cancer, binding with AXL to activate its phosphorylation and drive AXL/Gas6 signaling. This signaling pathway has been revealed to be associated with the activation of downstream signaling, including mitogen activated protein kinase (MAPK), phosphoinositide 3-kinase (PI3K)/protein kinase B (AKT), and focal adhesion kinase/steroid receptor coactivator/nuclear factor κ-B signaling pathways, to drive tumor cell metastasis, confer therapeutic resistance and promote disease progression (11, 18, 19) .
The crystal structure of a minimal human AXL/Gas6 complex revealed an assembly with 2:2 stoichiometry (20 Further analysis with structure-based mutagenesis, protein binding assays, and receptor activation experiments demonstrated that the major and minor Gas6 binding sites are required for productive transmembrane signaling (20) . In a previous study, several AXL antagonists, including antibodies, small molecules and aptamers, were reported to block signaling through the receptor; however, current anti-AXL therapeutics either demonstrate modest antitumor efficacy or induce substantial off-target effects (4, (21) (22) (23) (24) (25) . Kariolis et al (26) examined an AXL-decoy receptor, named MYD1, and revealed that this Fc fusion protein possessed a high affinity to human Gas6. Furthermore, MYD1 could block the native AXL/Gas6 interaction and inhibit cancer cell migration and invasion through the AXL signaling pathway; marked effects were observed in an animal model. Therefore, the present study aimed to effectively and specifically disrupt the AXL/Gas6 signaling axis according to its three-dimensional (3-D) complex structure. First, the interaction mode of AXL/Gas6 was analyzed using computational biology. Based on the theoretical analysis results, two types of mutations were constructed, and the AXL mutants were added into culture medium to capture free Gas6. The potential effects of these mutations on the AXL/Gas6 signaling pathway were investigated in human cancer cell lines. (20) , the coordinates of the hydrogen atoms were assigned under a consistent valence force field (CVFF), and the whole complex structure was optimized using the steepest decent and conjugate gradient method (InsightII 2000 software, Discovery mode). With the optimized complex structure, the AXL/Gas6 interaction mode was evaluated using a computer graphics technique and the distance geometry method (InsightII 2000 software, Standard mode). Using Superimposition software (InsightII 2000 software, Standard mode), the complex structure and the orientation of the main-chain carbon atoms were identified, and the comparison of their location was analyzed to determine the 3-D protein structures of AXL and Gas6. Furthermore, using the interaction binding free energy calculation method (InsightII 2000 software, Discovery mode), the binding energy between Gas6 and AXL or its mutants was calculated under the CVFF. -ECD -Fc-M4 (E 59 R and T 77 R) (M1/M2, high-affinity mutations; M3/M4, low-affinity mutations). The thermocycling conditions for AXL-ECD -WT were as follows: 94˚C for 2 min; 94˚C for 30 sec, 62˚C for 30 sec, 72˚C for 90 sec, 30 cycles; 72˚C for 10 min. The target fragments were amplified by p-up (forward)/p1 (reverse), p2 (forward)/p3 (reverse), p4 (forward)/p5 (reverse), p6 (forward)/p-down (reverse) primers (Table I ). The PCR conditions were as follows: 94˚C for 2 min, 94˚C for 30 sec, 62˚C for 30 sec and 72˚C for 30-90 sec (depending on the fragment length) for 30 cycles; 72˚C for 10 min. The recovered four fragments were subjected to overlap PCR to amplify the full-length fragment. Overlap PCR conditions were: No primer reaction: 94˚C for 2 min; 94˚C for 30 sec, 62˚C for 30 sec, 72˚C for 90 sec, 7 cycles; 72˚C for 10 min. Subsequently, primers were added and a further reaction was performed: 94˚C for 30 sec, 62˚C for 30 sec, 72˚C for 90 sec, 23 cycles; 72˚C for 10 min.
Materials and methods

Reagents
Construction and transfection.
The fragments were double-digested using HindIII and NheI, and ligated to the optimized pCDNA ® 5 plasmid. For the Fc-fusion protein expression, the human Fc gene was subcloned using HindIII/BamHI enzyme sites to obtain the target protein with Fc fused in the C-terminus). Then, 5 AXL -ECD -WT/M fusion proteins were obtained using a Lipofectamine ® 3000 transfection system according to the manufacturer's protocol, the 5 recombinant expression vectors were transfected at 20 µg per well into 293T cells (7x10 6 cells/well). At 72 h, the purification of cell culture supernatants was performed using ÄKTA prime plus instrument. SDS-PAGE was used to determine the quality of the purified protein.
ELISA. ELISA plates were coated with 0.5 µg/ml Gas6 (100 µl/well) at 4˚C overnight. A total of 10 serial 1:3 dilutions of the AXL -ECD -Fc-WT/M fusions proteins were obtained (0-15 µg/ml) and added to the plates for 1 h at 37˚C. Following three washes, HRP-conjugated goat anti-human IgG (1:2,000) was added as the secondary antibody, and plates were incubated for an additional 30 min at 37˚C. Binding signals were visualized using TMB substrate, and the light absorbance was measured using a SPECTRA MAX 190 ELISA reader (Molecular Devices, LLC, Sunnyvale, CA, USA) at 450 nm. Each ELISA experiment was repeated three times.
Binding kinetics assay. The binding k inetics of AXL
-ECD -Fc-WT/M fusion proteins to Gas6 were measured using a BIAcore 3000 instrument (GE Healthcare Bio-Sciences, Pittsburgh, PA, USA). The assays were performed at 30˚C in PBS. Sensor tips were pre-wetted for 15 min in the same buffer immediately prior to use, and the microplates were filled with 200 µl/well diluted Gas6 samples or buffer and then agitated at 179 x g. Association (K on ) and dissociation (K off ) rates were calculated using a simple 1-to-1 Langmuir binding model (BIAcore Evaluation Software; version 3.2; GE Healthcare Bio-Sciences). The equilibrium dissociation constant (K d ) was determined using the K off /K on ratio. The independent measurements were performed three times.
Flow cytometry. Flow cytometry was used to detect AXL expression on the cell surface as previously described (27) . Briefly, the tumor cells were digested and counted, and 1x10 6 cells per reaction were used. The cells were stained Migration assay. A549 and SKOV3 cells were serum-starved overnight. Following trypsin digestion, the cells were counted and resuspended in serum-free DMEM. Migration assays were performed by seeding 3x10 4 cells into BD-Falcon 24 Fluoroblock Transwell inserts with 8-µm pores in the upper chamber. For Gas6-dependent migration, 200 ng/ml Gas6 in the presence or absence of 100 µg/ml AXL -ECD -Fc-WT/M proteins was added to the lower chamber containing the migration medium (DMEM with 5% FBS). R428 (2 µM/ml) + Gas6 was used as a control. The AXL -ECD -Fc-WT/M protein was added into culture systems to bind free Gas6 and block it from binding with the cell surface AXL protein. Following 4 h of migration, the upper chambers were fixed with 4% paraformaldehyde for 30 min, stained with Giemsa solution for 10 min at room temperature and counted by light microscopy (x10 magnification; Nikon Corporation, Tokyo, Japan) using ImageJ software (version 18.0; National institutes of Health, MD, USA). The migration experiments were repeated three times.
Western blot analysis. Gas6-induced phosphorylation of AXL in SKOV3 cells was detected using western blot analysis. AXL-ECD-Fc WT and its mutant were added to the cell culture as the decoy protein to bind to free Gas6. SKOV3 cells were seeded in 6-well plates (5x10 5 cells/well) for 12 h. The cells were placed in serum-free medium and pre-treated for 8 h with or without AXL-WT/M fusion proteins (10, 2, 0.4 or 0.08 µg/ml) at 37˚C. Following the addition of 200 ng/ml Gas6 for 30 min in 37˚C, cells were collected and lysed in ice-cold RIPA buffer (Beijing Solarbio Science & Technology Co., Ltd.) supplemented with protease inhibitor cocktail (Roche Diagnostics, Basel, Switzerland) for 30 min. Protein concentrations were quantified using a BCA kit (Applygen Technologies, Inc., Beijing, China). Lysates were separated and 20 µg protein was loaded per lane using 12% SDS-PAGE, transferred onto a nitrocellulose filter membrane (EMD Millipore, Billerica, MA, USA) and analyzed. Blots were incubated with the primary antibodies anti-AXL, anti-pAXL and anti-GAPDH overnight at 4˚C (all antibodies were purchased from Cell Signaling Technology and diluted to 1:1,000). Subsequently, blots were incubated with HRP-conjugated secondary antibodies (1:2,500) for 1 h at room temperature. Immunoreactivity was detected and visualized using an enhanced chemiluminescence detection system (SuperSignal West Pico Trial kit; Pierce; Thermo Fisher Scientific, Inc.) and autoradiography. GADPH was used as a loading control. Western blot experiments were repeated three times.
Data analysis. Statistical analysis was performed using Prism software v.5.0 (GraphPad Software, Inc., La Jolla, CA, USA).
Dunnett's multiple comparisons test was used to compare all other groups to the control group. P<0.05 was considered to indicate a statistically significant difference. All measurements were within 95% confidence limits.
Results
Key amino acid residues in the AXL/Gas6 interaction. Under CVFF and according to the 3-D crystal complex structure of AXL/Gas6 (20) , the coordinates of hydrogen atoms were assigned and optimized using molecular modeling. The theoretical 3-D structures of AXL, Gas6 and the complex structure are presented in Fig. 1A and B. Using the Superimposition software, the main-chain carbon atoms position of the proteins AXL and Gas6 were determined and the orientation of the main-chain carbon atoms was analyzed. The crystal and theoretical structures were then compared. The root mean square deviation value of the main-chain orientation was calculated to be 0.002 nm. The coordinates of the heavy atoms were not altered under assignment of the coordinates of hydrogen atoms; thus, the optimized method and CVFF were suitable in the present study.
On the basis of the theoretical structures of AXL and Gas6, the interaction mode between them was analyzed using a computer graphics technique and the distance geometry method (Fig. 1B) . Through investigating the van der Waals interactions and inter-molecular hydrogen bonds, the key amino acid residues through which AXL interacted with Gas6 were determined (Fig. 1C) (Fig. 2A) . The plasmids of AXL -ECD -Fc WT and mutants transfected into the 293T cells resulted in an increase in AXL Fc WT and mutant expression, respectively (Fig. 2A) . The 5 recombinant expression vectors were transfected into the 293T cells and the proteins were Figure 1 . Key amino acid residues of AXL affect its interaction with Gas6. Using structural superimposition, the crystal and theoretical structures of AXL and Gas6 were compared, and the AXL/Gas6 interaction containing primary and secondary modes was determined. The whole complex structure was optimized using the steepest descent and conjugate gradient method. (A) 3-D structure of AXL and Gas6. (B) 3-D structure presenting the interaction mode of the AXL/Gas6 extracellular domain. (C) Key sites were selected, and AXL -ECD -Fc mutations were generated. AXL -ECD -Fc-M1 (G32S, D87G, V92A and G127R) and AXL -ECD -Fc-M2 (G32A, D87A, V92A and G127A) are high-affinity mutations; AXL -ECD -Fc-M3 (E56R and T77R) and AXL -ECD -Fc-M4 (E59R and T77R) are low-affinity mutations. AXL, AXL receptor tyrosine kinase ligand; Gas6, growth arrest-specific 6. purified from the supernatants. Molecular weight of purified recombinants were verified using SDS-PAGE (Fig. 2B) . The ELISA demonstrated that AXL -ECD -Fc-WT, AXL -ECD -Fc-M1 and AXL -ECD -Fc-M2 could bind to Gas6 in a concentration-dependent manner (Fig. 2B) . In addition, the half maximal effective concentration values of AXL -ECD -Fc-M1 and AXL -ECD -Fc-M2 were 0.141 and 0.375 µg/ml, respectively, whereas that of AXL -ECD -Fc-WT was 0.514 µg/ml, indicating that AXL -ECD -Fc-M1 and AXL -ECD -Fc-M2 possessed stronger binding affinity than AXL -ECD -Fc-WT. In contrast, AXL -ECD -Fc-M3 and AXL -ECD -Fc-M4 had low binding affinity for Gas6. Additional BIAcore experiments (Fig. 2C) yielded the same results.
The K d was determined using the K off /K on ratio. As XL -ECD -Fc-M3 and AXL -ECD -Fc-M4 were low-affinity variants, they exhibited markedly low binding to Gas6 (Fig. S1 ). In contrast, the K d values of AXL -ECD -Fc-M1 and AXL -ECD -Fc-M2 were 7x10 -10 and 1.48x10 -9 M, respectively, indicating higher affinity compared with that of AXL -ECD -Fc-WT (K d , 3.34x10 -9 M).
AXL -ECD -Fc fusion variants inhibit cell migration.
The western blot analysis revealed that AXL was expressed in A549 and SKOV3 cells, but not in 293T cells (Fig. 3A) , and the flow cytometry results revealed that it was expressed on the cell surface (Fig. 3B) . Expression of AXL was also observed in other cell lines, such as H1299 and MDA-MB-231; however, these cells had a strong autophosphorylation level of AXL, so GAS6 was unable to trigger the phosphorylation of AXL, thus the two cells lines was unsuitable as cell models in the current study (Fig. S2) . Therefore, A549 and SKOV3 cells were selected for subsequent experimentation. To investigate the potential function of AXL -ECD -Fc-WT/M fusion proteins, a Transwell assay was performed. The purified Fc fusion protein was added into culture systems to bind free Gas6 and prevent it from binding to the cell surface AXL protein. The results revealed that AXL -ECD -Fc-WT, AXL -ECD -Fc-M1 and AXL -ECD -Fc-M2 inhibited the migration of A549 and SKOV3 cells induced by free Gas6 compared with that observed with Gas6 alone, consistent with results obtained with the AXL inhibitor R428 (Fig. 3C and D) . In contrast, neither AXL -ECD -Fc-M3 nor AXL -ECD -Fc-M4 inhibited cell migration promoted by free Gas6. In summary, AXL -ECD -Fc-WT/M1/M2 fusion proteins inhibited free Gas6-induced cell migration, whereas the AXL -ECD -Fc-M3/M4 variants demonstrated no such inhibitory function.
AXL
-ECD -Fc fusion variants block AXL phosphorylation in SKOV3 cells. Gas6 binds to the extracellular domain of AXL to induce autophosphorylation of tyrosine residues on the intracellular tyrosine kinase domain of AXL, subsequently activating the MAPK/extracellular signal-regulated kinase and PI3K/AKT signaling pathways. This results in the modulation of numerous cellular activities, including cell survival, proliferation, migration, invasion and drug resistance (17, 28, 29) . Therefore, the effects of AXL -ECD -Fc-WT/M fusion proteins on Gas6-induced AXL signaling pathways were investigated in SKOV3 cells through analyzing AXL phosphorylation by western blotting (Fig. 4) . Briefly, cells were pretreated with the indicated concentrations of AXL -ECD -Fc-WT/M fusion proteins for 8 h prior to stimulation with Gas6. The results revealed that free Gas6 treatment induced AXL phosphorylation, whereas AXL -ECD -Fc-WT/M1/M2 fusion protein pretreatment resulted in a concentration-dependent decrease in phosphorylation. Furthermore, the overall level of AXL expression was not changed by AXL -ECD -Fc-WT/M fusion protein treatment. These results suggest that AXL -ECD -Fc-WT/M1/M2 fusion proteins neutralize the free Gas6 protein, preventing the interaction between Gas6 and AXL in SKOV3 cells. This leads to the obstruction of the Gas6-induced phosphorylation of AXL, and the downregulation of the AXL/Gas6 downstream signaling pathway.
Discussion
In the present study, the key amino acid residues in AXL that affect its interaction with Gas6 were identified (E 56 , E 59 and T 77 ). Furthermore, the inhibition of the AXL/Gas6 signaling pathway using high-affinity mutants resulted in the inhibition of cancer cell migration. AXL -ECD -Fc-M1 and -M2, which were identified as high-affinity mutations, blocked the functions of AXL/Gas6 by decreasing AXL phosphorylation. Cancer cell migration induced by Gas6 was also inhibited. AXL -ECD -Fc-M3 and AXL -ECD -Fc-M4 were characterized as low-affinity mutations, supporting the notion that the amino acid T 77 serves a key role in AXL binding to Gas6. RTK activation is believed to result from ligand-induced receptor dimerization, leading to the autophosphorylation of multiple tyrosine residues in the cytosolic domains and affecting downstream signaling (30) . In cancer, the AXL signaling pathway can be activated by Gas6 in an autocrine or paracrine manner (5) (6) (7) (8) . The functional role of AXL/Gas6 signaling within the tumor microenvironment has previously been reported to promote tumor progression, and nutrient deprivation within the tumor microenvironment may contribute to activation of the AXL/Gas6 signaling pathway (31) . In addition, AXL has been identified as a direct transcriptional target of hypoxia-inducible factor (HIF)-1 and HIF-2 in tumor cells (31) . In several studies, anti-AXL antibodies were reported to block the AXL/Gas6 interaction and inhibit AXL downstream signaling; however, tumor migration and invasion were not altered, and tumor progression was not effectively inhibited (25, 32) . Thus, although the roles of the AXL signaling pathway in tumor migration, invasion and inflammation have been extensively studied, the mechanisms mediating these inhibitory effects have not yet been elucidated.
In the present study, the high-affinity mutants AXL -ECD -Fc-M1 and AXL -ECD -Fc-M2 demonstrated higher Gas6 binding ability than AXL -ECD -Fc-WT, resulting in the inhibition of Gas6-induced cancer cell migration. The low-affinity mutants AXL -ECD -Fc-M3 and AXL -ECD -Fc-M4 could not block the AXL/Gas6 interaction by binding with Gas6, and the inhibitory function was abolished, indicating that the mutation sites of AXL -ECD -Fc-M3/M4 served key roles in the AXL/Gas6 interaction. Overall, the results of the present study support that mutation of the amino acid T 77 in AXL inhibits the interaction between AXL and Gas6. Further studies are required to determine the details of the interactions between AXL and Gas6 using small molecule tyrosine kinase inhibitors or antibodies. The present findings may provide an important reference for designing such inhibitors or antibodies, as well as critical insights into future preclinical and clinical studies of AXL in cancer.
